Introduction
Production of ethanol from lignocellulosic biomass can effectively reduce the risk of food price increases because of sugar-or starch-based bioethanol production (Fargione et al., 2008; Tilman et al., 2006) . Although corn stover has been studied for ethanol production (Zhu et al., 2009) , the available amount of corn stover is not sufficient to support biorefineries with an annual production of 36 billion gallons of ethanol in 2022 3 (Graham et al., 2007) . Photoperiod-sensitive (PS) sorghum, which can grow in semiarid parts of the world and especially in areas too dry for corn, contains a significant amount of soluble sugar and a low ratio of lignin to cellulose. These advantages make PS sorghum an excellent source for bioethanol production.
Many studies about the effects of diluted sulfuric acid pretreatment on enzymatic hydrolysis of cellulose have been reported in which the acid pretreatment was proven effective in removing most of the hemicellulose and some of the lignin component (Schell et al., 2003; Zhu et al., 2004) . According to a previous study on PS sorghum (Xu et al., 2011) , a harsher condition of pretreatment should be applied to make cellulose easily degradable, thus achieving a high efficiency (more than 90%) of enzymatic hydrolysis (EEH). Cellulose degradation during high-temperature and diluted sulfuric acid pretreatment comprises the following steps. First, hydrogen bonds between glucan units are broken and cellulose is degraded to cellobiose and glucose; cellobiose is not stable at acid condition and will be degraded to glucose. Glucose will further be degraded to form degradation products (Mosier et al., 2002) , some of which are considered inhibitors to yeast fermentation (Klinke et al., 2004) . Thus, studying the relationship between cellulose (glucose) recovery and EEH is more important than focusing only on a high EEH, because cellulose loss is not negligible even for mild pretreatment conditions (e.g., 143.2 °C, 0.4% sulfuric acid concentration and 30 min) (Bienkowski et al., 1987) .
A previous study on diluted sulfuric acid pretreatment of PS sorghum has shown promising results: about 74% of the sugar source, including cellulose (structural glucose) and soluble sugar (sucrose, glucose, and fructose), could be converted to ethanol (Xu et al., 2011) . Thus, an in-depth investigation of how to maximize glucose yield is necessary 4 to reveal the relationship between pretreatment conditions and total glucose yield from enzymatic hydrolysis. Response surface methodology (RSM) was employed in this study due to its advantage of efficient design. Because PS sorghum contains a significant amount (about 17.5%) of soluble sugar, which can be easily degraded at high temperature and in acid conditions, a direct pretreatment will result in significant sugar loss. An integrated method was designed in this research to solve this problem; this method separates soluble sugar by washing the grounded sample before pretreatment. The washing juice containing soluble sugar was then added to the pretreated sample for cofermentation ( Fig. 1) .
Although sugar-and starch-based ethanol fermentation has been studied for a long time (Inlow et al., 1988) , these processes are different from cellulose-based ethanol fermentation. Simultaneous saccharification and fermentation (SSF) has been accepted in most biomass processing because it saves energy and time and reduces end-product inhibition of enzyme hydrolysis (Wright et al., 1988) . The low-biomass loading, which varies depending on material characteristics and pretreatment method, makes it difficult for cellulose-based SSF to achieve a high ethanol concentration (more than 10 % (v/v)).
Thus, for yeast fermentation of low sugar concentration and low ethanol concentration, substrate inhibition or end-product inhibition is not critical, because it was reported that ethanol begins to inhibit yeast fermentation at 25 g ethanol/L (Maiorella et al., 1983) .
Meanwhile, one of the current barriers preventing commercialization of lignocellulosic ethanol is its high processing cost. The optimization of cellulose-based fermentation is consequently supposed to include a mechanism for lowering processing cost. In this 5 research, the optimization of SSF was balanced between ethanol yield and processing cost.
The objective of this study was to optimize the processing method, including both pretreatment and co-fermentation (SSF), for maximizing the ethanol yield from PS sorghum.
Materials and Methods

Material preparation and chemicals
The PS sorghum (1990/AC791) used in this research was harvested from the Kansas State University Agronomy Research Farm in Manhattan, Kansas, from 2007 to 2009. After being ground with a cutting mill (SM 2000, Retsch Inc., Newtown, PA) to less than 1 mm particle size, the sample with moisture content of 7% was stored at room temperature. The chemical composition of PS sorghum, analyzed by using the NREL procedure (Sluiter et al., 2004) , is 32.5%, 19.8%, 11.7% and 17.5% for cellulose, hemicellulose, lignin, and soluble sugar, respectively. Before sulfuric acid pretreatment, the sample was washed with distilled water to separate soluble sugar and analyzed again for chemical composition. All chemicals used in this research were purchased from Sigma (Sigma-Aldrich, Inc., St. Louis, MO, USA).
Sulfuric acid pretreatment
A reactor (Swagelok, Kansas City Valve & Fitting Co., KS, USA) made from 316L stainless steel with a measured internal volume of 75 mL (outside diameter of 38.1 mm, length of 125 mm, and wall thickness of 2.4 mm) was used for this study. A 6 working volume of 50 mL was used to allow space for expanding liquid water at high temperature during pretreatment. The loading of the prewashed PS sorghum was 6.1% (equal to 8.5% of original dry mass).
A sandbath (Techne, Inc., Princeton, NJ) with a temperature controller was used.
After the sand was increased to a certain temperature, the reactor was submerged in boiling sand for different durations according the experimental design presented in Table   1 . Then the reactor was immediately transferred to room-temperature water to decrease the internal temperature to below 50 °C in 2 min. All slurry removed from the reactor was washed, and the solid part was separated by filtration. Part of the solid mass from filtration was used for enzymatic hydrolysis, and the remaining part and the liquid part were used for composition analysis. Cellulose recovery yield (Y REC ) was defined as shown in Equation 1.
where M pret is the dry mass weight after pretreatment, M OR is the original dry mass weight, C pret is the cellulose percentage of the solid part after pretreatment, and C OR is the percentage of cellulose in original dry mass.
Enzymatic hydrolysis
Accellerase 1500 © , an enzyme complex including cellulase and β-glucosidase (Endoglucanase activity: 2200-2900 CMC U/g (one CMC U unit of activity liberates 1 µmol of reducing sugars (expressed as glucose equivalents) in 1 min under specific assay conditions of 50 °C and pH 4.8.), was generously provided by Genencor (Rochester, NY).
Accellerase 1500 was used in this study at the recommended dosage (0.5 mL per gram 7 cellulose). Enzymatic hydrolysis was conducted with the sample after pretreatment at 4% solids concentration (grams dry weight per 100 mL) in 50 mM sodium acetate buffer (pH 5.00) with addition of 40 µg/mL tetracycline and 30 µg/mL cycloheximide. Flasks were incubated in a water bath at 50 °C and 140 rpm. Total monomer sugar analysis was conducted at the end of hydrolysis (72h) on supernatants using high-performance liquid chromatography (HPLC). EEH was defined as shown in the following calculation:
where M EH is the weight of dry mass used in enzymatic hydrolysis (or SSF), G EH is the glucose content after hydrolysis, C pret is the cellulose percentage of the solid part after pretreatment, and 0.9 is the mass coefficient of glucose to cellulose (g/g). Total glucose yield (Y p ) was defined as the product of cellulose percentage in the solid part after pretreatment and EEH.
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Simultaneous saccharification and fermentation
The same enzyme and buffer system were used in SSF as in enzymatic hydrolysis without antibiotics. Yeast (Ethanol Red, Lesaffre Yeast Corp., Milwaukee, WI) was prepared following the method reported elsewhere (Wu et al., 2010) . Both concentrated washing juice and the pretreated solid were added together, and the initial fermentation system contained 4% (w/v) solids in 50 mL buffer solution ( 
where M EP is mass of ethanol after SSF, M TEP is the theoretical value calculated from cellulose and soluble sugar, M Hex is the total amount of soluble sugar (expressed as glucose equivalents), 0.511 is the mass coefficient of glucose to ethanol (g/g), M OR is the original dry mass weight, C OR is percentage of the cellulose in original dry mass, and 1.11 is the mass coefficient of cellulose to glucose (g/g).
Sugar and ethanol analysis
Monosaccharide and ethanol concentration were analyzed by using an HPLC with a Rezex RPM-monosaccharide column (300*7.8 mm; Phenomenex, CA) and a Refractive Index Detector (RID -10A, Shimadzu, MD). The column was eluted with double-distilled water at a flow rate of 0.6 mL/min. The temperature of the chromatograph column was maintained at 80 °C.
Response surface methodology
Box-Behnken design was employed to optimize the processing conditions of pretreatment and hydrolysis. Three coded levels were used for those conditions:
concentration of sulfuric acid, pretreatment time, and temperature. The behavior of the system was explained by the following equation:
where β ß represents the coefficient for each term and x represents condition parameter.
According to the results of previous experiments, the optimal condition for acquiring the highest total glucose yield (Y p ) could be in the range of 140 to 160 °C, 30 to 50 min, and 0.5 to 1.5% for temperature, time, and acid concentration, respectively. 
Results and discussion
Optimization of pretreatment and hydrolysis by RSM
Through analysis and optimization in Design Expert, three different models were obtained corresponding to the three response values. ANOVA was then conducted to remove insignificant terms. Finally, the three reduced models for EEH, Y REC , and Y p were obtained as shown (Equations 7, 8, and 9) . The ANOVA for EEH showed that the model is highly significant (P < 0.0001), and the value of R-squared was 0.9877, indicating the regression model could provide good prediction. Lack-of-fit test was used to measure the failure of the model by representing data in the experimental domain at the points that are not included in the regression (Rastogi and Rashmi, 1999) . In this study, the test implied that lack-of-fit was insignificant, which suggested the model fit the experimental data. The reduced model (Equation 7) for EEH suggested that the EEH increased as the variables (temperature, time, and concentration) increased. During sulfuric acid pretreatment, the main structure was supposed to be disrupted (Zeng, 2007) , and most of the amorphous parts (hemicellulose and lignin) of PS sorghum were degraded or dissolved under certain conditions (Xu et al., 2011) . This could result in an increase of surface area of cellulose that was considered as an important parameter during enzyme hydrolysis (Fan et al., 1980) . Many studies also have reported that EEH increased with surface area (Paakkari and Serimaa, 1984; Puri and Pearce, 1986) , which could explain why EEH increased with those variables. The 3-D response surface image (Fig. 2) suggested that the interaction between temperature and concentration was significant and the EEH would increase up to 100%, although the mass loss and/or cellulose loss would be significant ( 
where A represents temperature, B represents time, and C represents acidic concentration.
Although the glucose in the acid solution after pretreatment can be recovered by neutralization, the further degradation of glucose under harsher conditions would not only increase glucose (cellulose) loss, but also generate a significant amount of degradation products (such as hydroxymethylfurfural), some of which are considered inhibitors of yeast fermentation (Liu et al., 2004 
For yeast-ethanol fermentation, obtaining as high sugar (glucose) 9). The interaction between temperature and time and the interaction between temperature and concentration were also significant based on lack-of-fit and high value of R-squared (0.9975) (Fig. 3) . According to the cubic model, the highest glucose yield was expected to be 82.07% at the optimal condition of 157.7 °C, 41.6 min and 1.27% acid concentration. Further experiments at this condition were conducted and the expected value was obtained (82.2%), which means that RSM was used successfully in processing optimization. In addition, for maximizing utilization of those available resources (including glucose and water) optimization of glucose yield is suggested to include both the solid and liquid parts after pretreatment (Equation 10). Undegraded glucose in solution was supposed to be added to SSF system for ethanol production. Then a neutralization of the filtrate after pretreatment could be suggested. However, the neutralized filtrate contains different compounds which could have complicated effects on yeast fermentation. The coefficient (k) that takes into account the negative effect was introduced, but it is not easy to obtain because of complicated interactions in SSF system. If the molecules degraded from glucose are assumed to have negative effects on yeast fermentation, the maxima of Y p ' and Y p will be obtained at the same certain pretreatment condition in which glucose degradation is not significant (less than 0.5% of total glucan/cellulose, as found in the liquid with optimized pretreatment). In this case, the coefficient k tends to be equal to 1; 13 then Y p could be used in this optimization for simplifying the calculation. In addition, depending on the substrate used in the fermentation process, xylose also could be considered for optimization with this method, although it is not the focus of the present study.
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where Y G represents the glucose amount degraded from cellulose in liquid after pretreatment, Y p ' represents the total glucose amount that could be efficiently converted to ethanol by yeast, and the coefficient k represents the negative effects (inhibitors) to yeast-ethanol fermentation.
Effect of temperature and inoculation on SSF
Ethanol yields were previously compared by performing a separated fermentation in which the washing juice and solids were used for fermentation (or SSF) separately, and a co-fermentation in which the washing juice and solids were mixed together. The results showed no significant difference in the total ethanol yield between the separated fermentation and co-fermentation (data not shown). Then different inoculation amounts and SSF temperatures were investigated (Fig. 4) . In CT-SSF at 38°C, initial ethanol production was found at 2 h, and the initial conversion rate in the first 6 h increased as the inoculation amount increased. The highest ethanol yield (894 mg) was found with an inoculum of 0.05 g (dry yeast cells)/L (Fig. 4a) . Although a longer lag phase was found with this inoculation, more than 95% of final ethanol yield was obtained in 27 h, indicating that the small amount of inoculum (0.05 g/L) is sufficient for fermentation of current substrate loading at a low cost. The ethanol yields with inoculation amounts of 14 0.1 g/L and 0.2 g/L were relatively lower than yield with the inoculation amount of 0.05 g/L, which was also found in VT-SSF (Fig. 4b) . The reason could be that the initial sugar concentration was relatively low (about 15 g/L) compared with high-loading starch-based fermentation. No soluble sugar was detected after 24 h, indicating the consumption rate of glucose was higher than the hydrolysis rate. In this case, the larger yeast inoculum could be consuming more sugar initially for non-fermentative pathways. Future study of variation in viable yeast cells during SSF is suggested to understand kinetics of cell growth. Because no significant difference occurred in ethanol yield after 48 h with 0.05 g/L inoculation, the SSF could be finished in less than two days, thus reducing processing cost.
For VT-SSF, the effect of inoculation amount on ethanol fermentation was similar to that of CT-SSF. The optimal temperature for yeast-ethanol fermentation was reported to be 30 °C (Lin and Tanaka, 2006) . In this study, however, the final ethanol yield of VT-SSF, in which ethanol fermentation was conducted at 30 °C, was lower than that of CT-SSF (38 °C) with the same inoculum. Considering the fact that the enzymatic hydrolysis could not finish in the first 6 h at 50 °C, we suggest that the reason for low ethanol yield could be the low activity of many cellulases at 30 °C during the subsequent hydrolysis.
Composition test of the residues after SSF was conducted to verify the hypothesis. The results showed that the cellulose amount in the residue after VT-SSF was 5.8% higher than that in the residue of CT-SSF, indicating that the EEH of VT-SSF was lower than that of CT-SSF, which ultimately resulted in the lower ethanol yield.
Effect of buffer (acetic acid) on SSF
Acetic acid has been reported to inhibit yeast fermentation because acetate is considered soluble in the lipids of yeast cell membranes, which results in membrane disruption and affects the membrane transport of phosphate (Conway and Downey, 1950) .
However, by comparing the ethanol yield of SSF with different buffer concentrations, we found that the ethanol yield of 900 mg occurred at 100 mM buffer concentration (about 34 mM acetic acid), and the lowest ethanol yield occurred with no buffer (Fig. 5) . The increase in ethanol yield could be explained by the increase in requirement of adenosine triphosphate (ATP) (Maiorella et al., 1983) . When acetic acid exists at a low concentration, the negative effect of membrane disruption on yeast cells is not significant; yeast cells are supposed to pump the protons out of the cells to neutralize intracellular pH, and the ATP needed to accomplish this procedure could be obtained from ethanol formation in an anaerobic environment. When a higher concentration of acetic acid (200 mM buffer, equal to 68 mM acetic acid) is applied, however, the membranes of yeast cells are much more disrupted and membrane transport of phosphate is significantly affected, which ultimately results in a decreased ethanol yield. For the SSF without buffer, the final pH was found to be 3.55, which is significantly lower than the pH range (4.8 to 5.0) needed to maintain enzyme (cellulase) activity. Thus, the EEH may decrease with low enzyme activity. This could be one of the reasons for decreased ethanol yield. To verify this assumption, we conducted a composition test after fermentation. The undigested cellulose after SSF without buffer was 30.3% more than that after SSF with 50 mM buffer, which confirmed that the buffer system is helpful in improving ethanol yield. Because no significant difference occurred in the ethanol yield between 50 mM and 100 mM, we suggested using 50 mM to reduce cost.
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Cellulose balance
A detailed cellulose (glucose) balance, as well as mass balance, for the whole conversion process at the optimal conditions is shown in Fig. 1 . About 88.7% of cellulose could be recovered in the solid part for the following SSF after the optimal pretreatment process. Under the conditions of 38 °C, 50 mM acetate buffer, and 0.05 g/L yeast inoculation, 77.2% of the total sugar source (including cellulose and soluble sugar) could be converted to ethanol with SSF. The total ethanol yield was 894 mg after 72 h of cofermentation from 4.23 g PS sorghum (about 0.21 g ethanol per gram dry mass).
Conclusion
The sulfuric acid pretreatment and enzymatic hydrolysis of PS sorghum were optimized together using RSM, and three models were obtained successfully for analysis.
The maximum glucose yield from the solid part is 82.2%. Cellulose recovery from the solid part decreased and EEH increased as the pretreatment temperature, resident time, and acidic concentration increased. The optimization on SSF suggested that the conditions of 0.05 g/L inoculation and 38 °C CT-SSF were effective for ethanol production (894 mg/50 mL, 2.3 % (V/V)). Acetate acid was found to affect ethanol fermentation, and the optimal buffer concentration is 50 mM. Under optimal process conditions, 77.2% of total sugar source could be converted to ethanol, which is equal to a final yield of 0.21 g ethanol/g dry mass. Further study of obtaining concentrated ethanol in final broth is suggested to reduce recovery cost. 
